ABSTRACT Two experiments were conducted to examine the effect of the level of dietary crude protein and protein source on intestinal populations of Clostridium perfringens in broilers. In experiment 1, 6 groups of 12 birds were fed diets containing 230, 315 or 400 g/kg crude protein with soy protein concentrate (SPC) or low-temperature-dried fishmeal as the major protein sources in a 2 × 3 factorial arrangement of treatments. A significant interaction between protein source and level was observed where the number of C. perfringens present in the ileum and cecum increased as the level of crude protein in the diets increased from 230 to 400 g/kg in the birds fed fishmeal-based diets (P < 0.05) but not in the birds fed
INTRODUCTION
Necrotic enteritis (NE) is a common disease in broiler chickens throughout the world. The disease usually occurs in broiler chickens 2 to 6 wk after hatching and is caused by the overgrowth of Clostridium perfringens in the small intestine (Dykstra and Reid, 1977; Fukata et al., 1991) . Normally the number of C. perfringens in the intestine is low (~10 4 cfu/g of digesta) but under certain circumstances C. perfringens may multiply, increasing bacterial numbers to 10 7 to 10 9 cfu/g of digesta, and cause clinical disease.
Although C. perfringens is recognized as the etiologic agent of NE, other co-factors are usually required to precipitate an outbreak of the disease including: coccidiosis infection, environment, climate, management of hygiene, and diet (Elwinger et al., 1992, Kalhusdal and Skjerve, 1996; Estrada and Wilkie, 2000; Kalhusdal, 2000) . Although NE has been reproduced by the oral inoculation of C. perfringens alone , consistent results have been difficult to obtain. Successful 2004 Poultry Science Association, Inc. Received for publication July 29, 2003 . Accepted for publication October 13, 2003. 1 To whom correspondence should be addressed: drew@sask. usask.ca.
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SPC-based diets. In experiment 2, the dietary treatments used were arranged in a 2 × 2 factorial arrangement with 2 levels of crude protein (230 and 400 g/kg) and 2 protein sources (SPC or fishmeal). The main effects of protein source and protein level significantly (P < 0.05) affected numbers of C. perfringens without interaction. Amino acid analysis of the diets showed that the glycine and methionine contents of the fishmeal diets were elevated compared with the SPC diets. This suggests that the level of crude protein, protein source, and amino acid content of diets affect the growth of C. perfringens in the lower intestinal tract of the broiler chicken and might be predisposing factors to outbreaks of clinical necrotic enteritis.
induction of the disease usually requires previous intestinal damage, particularly sloughing of intestinal epithelial cells and leakage of protein into the intestinal lumen. This initial step of intestinal damage sets up a cascade of physiological changes which result in an intestinal environment conducive to the overgrowth of C. perfringens and increased production of α-toxin in the intestine.
In commercial production, coccidiosis is an important predisposing factor for triggering outbreaks of NE, and feeding of coccidiostats has been shown to reduce the severity of NE in broiler flocks (Elwinger et al., 1994) . Experimental induction of intestinal damage to cause NE in broilers has been successfully accomplished by co-infection with Eimeria spp. Shane et al. (1985) showed that infection of broiler chickens with Eimeria acervulina prior to inoculation with C. perfringens increased mortality from 8% in Eimeria-free controls to 35% in Eimeria-infected birds. This was associated with destruction and sloughing of the intestinal epithelium, a 39% increase in intestinal passage time, reduced intestinal pH, and depressed serum protein.
There are 2 major dietary factors that predispose broiler chickens to NE. The first factor is cereal grains that increase the viscosity of digesta, including wheat and bar- ley. Kaldhusdal and Skjerve (1996) studied the association of the cereal content of diets fed to broiler chickens in Norway from 1969 to 1989 and demonstrated that 2 major outbreaks of NE were associated with increased use of barley and wheat in broiler diets. The use of corn was negatively associated with the incidence of NE. The second dietary factor predisposing broilers to NE is diets with high percentages of proteins from animal sources (Kaldhusdal and Skjerve, 1996) . Recent studies (Baker and Han, 1994; Mack et al., 1999; Hoehler et al. 2001) suggest that for diets which are balanced according to ideal protein ratios, the CP and amino acid requirements for broiler chickens to maximize growth performance and efficiency may be higher than present NRC requirements (NRC, 1994) . Thus, an understanding of the effects of both dietary protein source and level on intestinal populations of C. perfringens is important to developing dietary formulations for broiler chickens that may reduce the risk of an outbreak of clinical NE, particularly in light of the decreased acceptability of antibiotics in poultry feed.
The purpose of the current study was to examine the effects of protein source (animal vs. plant protein) and protein concentration on intestinal populations of C. perfringens in broiler chickens and improve our understanding of which factors present in these proteins are associated with increased numbers of C. perfringens. Fishmeal and soy protein concentrate (SPC) were the animal and plant protein sources, respectively, used in the study at CP levels ranging from 230 to 400 g/kg.
MATERIALS AND METHODS

Experiment 1
Experimental protocols were approved by the Animal Care Committee of the University of Saskatchewan and were performed in accordance with recommendations of the Canadian Council on Animal Care as specified in the Guide to the Care and Use of Experimental Animals (1993). Seventy-two, 1-d-old, mixed-sex broiler chickens (Hubbard × Hubbard) were placed in 6 floor pens (12 birds per pen) with clean straw flooring and were fed and watered ad libitum throughout the experiment. The birds were wing-banded for individual identification and were not vaccinated. The birds received an unmedicated commercial broiler diet for the first 14 d of the experiment. From d 14 to 28, the birds were fed the experimental diets ( Table 1 ). The diets were formulated to contain 230, 315, or 400 g/kg CP and were based on SPC 2 or low-temperaturedried aquaculture grade fishmeal.
3 The diets were isocaloric and met or exceeded the NRC requirements for broiler chickens (NRC, 1994) . The experimental diets did not contain antibiotics or coccidiostats and were not pelleted. The feeds were analyzed for their amino acid content.
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Experiment 2
Forty-eight, 1-d-old, mixed-sex broiler chickens (Hubbard × Hubbard) were placed in 4 floor pens (12 birds per pen) with clean straw flooring and were fed and watered ad libitum throughout the experiment. The birds were wing-banded for individual identification and were not vaccinated. The birds received an unmedicated commercial broiler diet for the first 14 d of the experiment. From d 14 to 28, the birds were fed the experimental diets shown in Table 2 . The dietary treatments were arranged in a 2 × 2 factorial arrangement with 2 levels of CP (230 and 400 g/kg) and 2 protein sources (SPC 2 or fishmeal 3 ). The diets were isocaloric and met or exceeded the NRC requirements for broiler chickens (NRC, 1994) . The experimental diets did not contain antibiotics or coccidiostats and were not pelleted. The feeds were analyzed for their amino acid content. 
C. perfringens Inoculation
In both experiments, the feed was inoculated with a lyophilized clinical isolate of C. perfringens. Previous stud- ies in our laboratory showed that only a small percentage of broiler chickens in our experimental facility had measurable C. perfringens present in their intestinal tracts unless inoculated with a viable culture of these bacteria. However, the purpose of the inoculation was only to establish populations of C. perfringens and then allow dietary effects to affect the size of these populations in the week following inoculation. The recovery rate of viable bacteria from the lyophilized culture used for inoculation was approximately 2.2 × 10 9 cfu/g. The dried culture was added daily to fresh feed and mixed by hand to provide a final inoculum of 1.0 × 10 5 cfu/g of feed. The inoculated feed was fed ad libitum from d 14 to 21 to ensure intestinal colonization by C. perfringens. After this period the feeders were cleaned and uninoculated feed was provided from d 21 to 28.
Enumeration of Intestinal Bacteria
At 28 d of age, birds were killed by cervical dislocation and weighed, and their intestinal tracts were removed. Samples of fresh digesta (0.1 to 0.2 g) from the cecum and ileum (1 cm proximal to the ileocecal junction) were taken aseptically by cutting the ileal or cecal wall and using a sterile spatula to transfer pea-sized samples into preweighed 15-mL sterile plastic tubes containing 5 g/L cysteine hydrochloride. 5 The samples consisted of luminal contents only. The samples were kept on ice until plated within 3 h of collection. The samples were weighed and diluted in peptone water to an initial 10 −1 dilution. Ten-fold dilutions were spread in duplicate using an automated spiral plater 6 on BBL blood agar base 7 containing 5% sheep blood and 100 mg/L neomycin. 8 The plates were incubated anaerobically at 37°C for 48 h. α-and β-hemolytic colonies, microscopically confirmed as gram- negative rods, were counted as C. perfringens. Counts were expressed as the Log 10 cfu/g of intestinal contents.
Statistical Analysis
Individual bird weights and C. perfringens counts on d 28 were analyzed using the general linear models procedure of SPSS.
9 Experiment 1 was analyzed as a 3 × 2 factorial arrangement with 2 protein sources and 3 protein levels. A significant (P < 0.05) interaction between the main effects was observed in this experiment, so individual treatment means were compared using the Ryan-Einot-Gabriel-Welsch multiple F test; differences between the means were considered significant when P < 0.05.
Experiment 2 was analyzed as a 2 × 2 factorial arrangement with 2 levels of CP (230 and 400 g/kg) and 2 protein sources (SPC or fishmeal). Individual treatment means were compared using the Ryan-Einot-Gabriel-Welsch multiple F test and differences between the means were considered significant when P < 0.05. Feed intakes were not measured because, with only one pen per treatment, no statistical analysis could be performed on these data.
RESULTS
During experiment 1, no clinical signs of NE were observed following challenge with C. perfringens, and only 1 of the 72 birds in this trial died. The d 28 BW of the chickens are shown in Table 3 . The birds fed diets based on SPC had significantly lower 28 d BW at the 230 and 315 g/kg CP levels than the fishmeal-fed birds.
C. perfringens counts in ileum and cecum are shown in Table 3 . No C. perfringens were enumerated in the ileum from birds on the 230 and 315 g/kg CP fishmeal diets. Although all samples were handled in a similar manner, it is possible that laboratory error was the cause of this because it is unlikely that all of the birds in these 2 treatment groups had no C. perfringens present in their intestinal tracts. C. perfringens numbers increased sharply in the birds fed the 400 g/kg CP fishmeal diet. Low levels of C. perfringens were observed in the ileum of birds fed SPCbased diets at all levels of CP resulting in a significant protein source × protein level interaction. Because the interaction between protein source and protein level was significant for C. perfringens numbers in both the ileum and the cecum, individual treatment comparisons were made to characterize the interaction. The number of C. perfringens present in the ileum and cecum of the birds was significantly affected by protein source only at the 400 g/kg CP level. Also, C. perfringens counts in the ileum and cecum increased significantly as CP level increased from 230 to 400 g/kg in the birds fed fishmeal-based diets but not in the birds fed SPC diets. The CP and amino acid analysis of the diets as fed is shown in Table 4 . Also shown is a ratio calculated by dividing the percentage CP or amino acid present in the 400 g/kg fishmeal diet by the percentage CP or amino acid present in the 400 g/kg SPC diet. The ratio is high (greater than 1.3) for methionine, histidine, glycine, and alanine suggesting that these amino acids are in relative The ratio column shown was calculated by dividing the percentage of CP or amino acid present in the 400 g/kg fishmeal diet by the percentage of CP or amino acid present in the 400 g/kg soy protein concentrate diet. excess in the 400 g/kg fishmeal diet compared with the 400 g/kg SPC diet.
Since the number of C. perfringens present in the ileum and cecum of the birds was significantly affected by protein source only at the 400 g/kg CP level, the 315 g/kg CP level was eliminated in experiment 2. During experiment 2, no clinical signs of NE were observed following challenge with C. perfringens and no birds died during the experiment. The 28 d BW of the birds are shown in Table 5 . There was a significant interaction between protein source and protein level. As with experiment 1, the fishmeal-fed birds were heavier than the SPC-fed birds and this difference increased as the level of CP increased.
The numbers of C. perfringens in the ileum and cecum of the birds on d 28 of experiment 2 are shown in Table  5 . The main effects of protein source and protein level were significant without interaction. C. perfringens counts in the ileum and cecum were significantly higher in the fishmeal-fed birds than in the SPC-fed birds at both CP levels. The CP and amino acid analysis of the diets as fed are shown in Table 6 . Also shown is a ratio calculated by dividing the percentage CP or amino acid present in the 400 g/kg fishmeal diet by the percentage CP or amino acid present in the 400 g/kg SPC diet. The CP levels in the fishmeal diets were lower than the target values of 230 and 400 g/kg. This was due to a much lower level of CP in the fishmeal used in this experiment compared with that used in the first experiment (763 and 642 g/kg CP for experiments 1 and 2, respectively). However, the diets were formulated on the assumption that the CP of the fishmeal was the same in each experiment. The amino acid ratios for glycine (1.65) and methionine (1.35) were elevated (greater than 1.3) compared with other amino acids present in diets as fed.
DISCUSSION
In a longitudinal study of NE and feeding practices over a 20-year period, Kaldhusdal and Skjerve (1996) reported The ratio column shown was calculated by dividing the percentage CP or amino acid present in the 400 g/ kg fishmeal diet by the percentage CP or amino acid present in the 400 g/kg soy protein concentrate diet.
that the use of animal proteins in broiler diets in Norway was associated with an increased incidence of NE. This observation is based on feeding diets at or near NRC requirements. However, several recent reports suggest that when diets are balanced according to ideal protein ratios (Baker and Han, 1994; Mack et al., 1999) , the CP and amino acid requirements for broiler chickens to maximize growth performance and efficiency may be higher than present NRC requirements. Hoehler et al. (2001) tested the effect of increasing dietary CP from 174 to 275 g/kg with an optimized amino acid profile in broiler chickens from 28 to 41 d of age. They showed that weight gain and feed conversion ratio improved linearly with increasing CP up to 268 g/kg dietary CP. This suggests that high protein diets balanced according to ideal protein may be commercially feasible. However, there is a potential for negative interaction between the high protein diets and NE. Thus, there is an urgent need to better understand the relationship between high CP diets and overgrowth of C. perfringens.
Increasing dietary protein did not consistently affect bird growth performance in the present studies. How-ever, the diets used in these studies were not formulated to ideal protein ratios, small bird numbers were used, and the protein levels were increased to very high levels in an attempt to maximize overgrowth of C. perfringens.
Initial physiological changes seen during clinical NE include decreased intestinal motility, decreased intestinal pH, and an increase in intestinal protein concentration due to malabsorption or leakage of serum proteins into the lumen of the intestine or both (Shane et al., 1985) . This local increase in protein concentrations in the intestine may initiate the overgrowth of C. perfringens because the growth of this organism and the production of α-toxin, its major pathogenic factor, are influenced by the presence of amino acids (Titball et al., 1999) . Methionine, while not a required nutrient for C. perfringens, is highly stimulatory to growth and is required for sporulation (Muhammed et al., 1975) . Another study reported that glycine also accelerated the growth of C. perfringens (Ispolatovskaya, 1971 ). The α-toxin produced by C. perfringens is the major pathogenic factor in NE, and α-toxin alone is able to cause the lesions and mortality typical of NE Fukata et al., 1988) . In defined media, α-toxin production requires the presence of glycine-containing peptides (Nakamura et al., 1978) . Taken together, these reports suggest that an increase in the concentration of particular amino acids in the lower small intestine may be a triggering event for the overgrowth of C. perfringens and clinical NE. An increase in level of CP and the amino acid balance of the diet might therefore be contributing factors in NE.
Although there are no published studies that directly examined the effect of high levels of dietary CP on the numbers of C. perfringens in the intestinal tract in chickens, several such studies have been performed using pigs and dogs. Mansson and Smith (1962) placed 8-wk-old pigs on a diet high in CP and reported that there was an increase in the number of C. perfringens type A from about 2.5 × 10 2 cfu/g in feces from pigs on a low protein diet (200 g/kg CP) to 1 × 10 6 cfu/g in the feces of pigs on a high protein diet (300 g/kg CP). In another study, Mansson and Olhagen (1967) demonstrated that when pigs were fed on a high protein diet the number of C. perfringens type A was significantly increased in the feces 5 to 10 d after initiation of the diet. More recent studies have demonstrated that feeding meat-based diets to dogs results in increased numbers of C. perfringens. Zentek et al. (1998) compared the effect of feeding a low protein diet (220 g/kg CP) to a high protein diet (630 g/kg CP) containing 510 g/kg greaves meal (beef/pork by-product) to dogs. The numbers of C. perfringens increased from 10 6 to 10 9 cfu/g of digesta in dogs fed the high protein diet while streptococci and lactobacilli were unaffected. Zentek (2000) compared the effect of feeding greaves meal, soy protein hydrolysate, or corn gluten meal to dogs in high protein diets. The numbers of C. perfringens were significantly increased in the ileal chyme of dogs fed the greaves meal diets compared with those fed the plantbased diets. The counts of other bacterial species were not significantly affected by diet.
In experiments 1 and 2 we found a significant effect of both protein level and protein source on the number of C. perfringens in the cecum. This demonstrates that CP alone does not adequately explain the changes in C. perfringens populations seen in this study. Possible factors causing this effect include lipids, carbohydrates, antinutritional factors, and amino acid balance. Although further studies will be required to definitively identify which of these factors are important, the amino acid balance of fishmeal relative to soy protein concentrate provides some interesting possibilities for further investigations. In both Experiments 1 and 2, the ratio of methionine and glycine in the fishmeal diets relative to the SPC diets at the 400 g/kg CP level was greater than 1.3. Alanine and histidine had ratios greater than 1.3 in experiment 1 only. Interestingly, both methionine and glycine have been reported to stimulate the growth of C. perfringens in vitro (Ispolatovskaya, 1971; Muhammed et al., 1975; Nakamura et al., 1978) .
The association of methionine with high numbers of intestinal C. perfringens is of particular interest to commercial broiler production. Methionine is the first limiting amino acid in most broiler diets. It is supplemented by the addition of DL-methionine or the hydroxy-analogue of methionine, 2-hydroxy-4-methylthiobutanoic acid. Several studies have shown that 10 to 20% analogue present in feed is not absorbed by broilers and is present in the distal sections of the small intestine compared to 4 to 5% for DL-methionine (Lingens and Molnar, 1996; Maenz and Engele-Schaan, 1996; Drew et al., 2003) . Since the analogue enters the lower intestinal tract, it may have an effect on C. perfringens populations.
Control of NE in commercial broiler production is well managed by the use of antibiotic growth promoters such as bacitracin, lincomycin, and virginiamycin in the feed (Feed Additive Compendium, 1996) . Despite the undeniable benefits of antibiotics in animal feed, concerns by consumers, researchers, and governments are growing over their use. The major concern of using antibiotics in animal feed is the potential for generating antibioticresistant strains of bacteria that may cause human disease. At present there is a heated debate over the actual danger that feed antibiotics pose to human health but the potential danger has already started sweeping changes in the use of antibiotics particularly in Europe. The European Union has already banned the use of many antibiotics in animal feeds and may completely ban their use by 2005 or earlier. This has had a significant effect on the incidence of NE in Europe. For example, the incidence of NE in France increased from 4% in 1995 to 12.4% of reported diseases in 1999 (Drouin, 1999) , and similar increases have been reported in other countries in Europe. Although an outright ban of antibiotics has not occurred in North America, consumer concern is creating pressure on producers to limit their use. As a result there is a pressing need to better understand factors that predispose birds to NE and to develop alternative management and dietary strategies to control the incidence and severity of infection.
The present study has demonstrated that the level and source of dietary protein have significant effects on intestinal populations of C. perfringens in broiler chickens. Further studies in this area will allow identification of specific dietary components contributing to C. perfringens overgrowth and will improve our ability to formulate diets that decrease the likelihood of clinical outbreaks of NE in commercial broiler production.
